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Anh-Chi N. Le and Linda S. Musil1
Vollum Institute for Advanced Biomedical Research, Oregon Health Sciences University,
Portland, Oregon 97201
The prevailing concept has been that an FGF induces epithelial-to-fiber differentiation in the mammalian lens, whereas
chick lens cells are unresponsive to FGF and are instead induced to differentiate by IGF/insulin-type factors. We show here
that when treated for periods in excess of those used in previous investigations (>5 h), purified recombinant FGFs stimulate
proliferation of primary cultures of embryonic chick lens epithelial cells and (at higher concentrations) expression of the
fiber differentiation markers d-crystallin and CP49. Surprisingly, upregulation of proliferation and d-crystallin synthesis by
GF does not require activation of ERK kinases. ERK function is, however, essential for stimulation of d-crystallin
expression in response to insulin or IGF-1. Vitreous humor, the presumptive source of differentiation-promoting activity in
vivo, contains a factor capable of diffusing out of the vitreous body and inducing d-crystallin and CP49 expression in chick
ens cultures. This factor binds heparin with high affinity and increases d-crystallin expression in an ERK-insensitive
anner, properties consistent with an FGF but not insulin or IGF. Our findings indicate that differentiation in the chick lens
s likely to be mediated by an FGF and provide the first insights into the role of the ERK pathway in growth factor-induced
ignal transduction in the lens. © 2001 Academic Press


















The vertebrate lens is composed of only two cell types: a
monolayer of epithelial cells that overlie its anterior face
and a core of elongated, crystallin-rich fiber cells that are
responsible for the refractive properties of the organ. Fol-
lowing the differentiation and elongation of cells at the
posterior of the lens vesicle into primary fiber cells during
early embryogenesis, all further growth of the lens is due to
proliferation of epithelial cells and their subsequent differ-
entiation into secondary fiber cells at the equatorial (bow)
region of the organ (reviewed in Piatigorsky, 1981, and
Wride, 1996). Epithelial-to-fiber differentiation is character-
ized by a very large increase in cell length, restructuring of
the cell surface and cytosol, and upregulation of fiber-
specific proteins including various crystallins, the interme-
diate filament protein CP49, and the plasma membrane
protein MP26 (known as MP28 in the chick). Eventually,
intracellular organelles are lost and synthesis of both DNA
and protein ceases. Proliferation of epithelial cells and their
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394ifferentiation into secondary fibers continue throughout
he lifetime of the organism, albeit more slowly postnatally
han during embryogenesis (Harding et al., 1977). Environ-
ental or genetic factors that perturb either process cause
ision-destroying cataracts and/or microphthalmia (Lovicu
nd Overbeek, 1998; Nishiguchi et al., 1998; Reneker and
verbeek, 1996).
In both the mouse and the chick, surgically rotating the
ens 180° causes the formerly anterior epithelium to differ-
ntiate into secondary fiber cells and induces the formation
f a partial monolayer of epithelial cells on the opposite
ole of the organ (Coulombre and Coulombre, 1963;
amamoto, 1976). These observations were among the first
o support the now widely accepted concept that the fate of
ens cells is dependent on gradients of diffusible factors in
he ocular environment such that the anterior chamber
avors proliferation and the posterior of the eye promotes
pithelial-to-fiber differentiation (Hyatt and Beebe, 1993;
ascarelli et al., 1987; Schulz et al., 1993). In mammals,
several lines of evidence indicate that one or more members
of the FGF family are critical determinants of the polarity of
lens development. First, FGFs are the only growth factors
known to be sufficient for epithelial-to-fiber differentiation
of cultured rodent cells. Purified FGF-2 at .10 ng/ml
induces fiber differentiation in central epithelial explants
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395FGF in Chick Lens Developmentprepared from neonatal rat, whereas lower concentrations
stimulate cell proliferation (McAvoy and Chamberlain,
1989). In contrast, insulin and IGF-1, both mitogenic for
lens cells (Liu et al., 1996; Reddan and Wilson-Dziedzic,
1983), can synergize with, but not substitute for, FGF in
fiber induction in this system (Chamberlain et al., 1991).
Second, eye-derived FGFs (including, but not limited to,
FGF-1 and FGF-2 produced by the retina) are found in higher
concentrations in the posterior of the eye in the vitreous
body than in the aqueous humor of the anterior chamber
(Caruelle et al., 1989; Schulz et al., 1993). Vitreous humor,
ut not aqueous humor, induces fiber differentiation of
odent central epithelial explants (Lovicu et al., 1995), and
he fiber-promoting activity copurifies with FGF-2 and
GF-1 on heparin–Sepharose and is blocked by a mixture of
nti-FGF antibodies (Schulz et al., 1993). Third, the highest
oncentration of immunohistochemically detectable
embrane-associated FGF-1 in the lens is in the equatorial
egion, where fiber differentiation is initiated (de Iongh and
cAvoy, 1992, 1993; Lovicu and McAvoy, 1993). Fourth,
runcated forms of FGFR-1 with dominant-negative activity
nhibit epithelial-to-fiber differentiation when expressed in
ransgenic mice under the control of a lens-specific pro-
oter (Chow et al., 1995; Robinson et al., 1995; Stolen and
Griep, 2000). Because expression of the transgene in the
central epithelium is relatively low, this approach cannot
be utilized to address the physiological role of FGFs in lens
cell proliferation. It is also unknown which member or
members of the FGF family (composed of 23 or more
different gene products, at least 5 of which are known to be
expressed in the eye) are involved in lens development in
vivo. To date, 5 naturally occurring FGFs have been re-
ported to induce fiber differentiation when exogenously
overexpressed in the lenses of transgenic mice (reviewed in
Lovicu and Overbeek, 1998, and Miller et al., 2000). In vitro
studies have also implicated FGFs in lens development in
other mammalian species (Uhlrich et al., 1986; Wong et al.,
1996), including cow in which the concentration of FGF-1
in the vitreous humor has been reported to be 295 ng/ml
(Caruelle et al., 1989). The signaling mechanisms by which
FGFs exert their effects on lens cell proliferation and
differentiation have not been elucidated.
Although minor species-specific differences in timing
and anatomy exist, the general process by which the lens
develops is remarkably conserved between birds and mam-
mals (reviewed in Piatigorsky, 1981, and Wride, 1996). FGFs
have been purified from chick vitreous humor (Mascarelli
et al., 1987), and avian lenses express FGFR-1-encoding
mRNA (Ohuchi et al., 1994; Potts et al., 1993) and contain
immunodetectable FGF-2 (Consigli et al., 1993). FGF-2 has
been shown to stimulate transdifferentiation of cultured
embryonic chick retinal cells into lens-like cells (Hyuga et
al., 1993; Karim and de Pomerai, 1990). It is therefore
remarkable that the prevailing view in the literature for
over a decade has been that chick lens epithelial cells are
unresponsive to FGF and are instead induced to differenti-
ate by IGF-1 or an IGF-like growth factor (Beebe et al., 1987;
Copyright © 2001 by Academic Press. All rightaldes et al., 1991; Lang, 1999). This concept arose from
studies in which purified IGF-1 and insulin, both most
likely acting mainly by binding to IGF-1 receptors, were
shown to induce cell elongation and to upregulate expres-
sion of the fiber cell marker d-crystallin in central epithelial
explants prepared from E6 chick lenses (Milstone and
Piatigorsky, 1977). Preincubation with anti-IGF-1 antibod-
ies partially neutralized the cell elongation activity of
medium containing 20% chicken embryo vitreous humor
(Beebe et al., 1987). Although d-crystallin levels were not
assessed, neither purified FGF-1 nor FGF-2 significantly
affected cell length under the conditions tested (Beebe et al.,
1987). Collectively, these findings have led to the view that
there is a fundamental mechanistic dichotomy in verte-
brate lens development in which epithelial-to-fiber differ-
entiation is regulated by FGFs in mammals and by an
IGF/insulin-type factor in birds.
In the aforementioned studies, the mitogenic and cell
elongation-promoting effects of FGF were assessed after
(respectively) 3 h (Hyatt and Beebe, 1993) and 5 h (Beebe et
al., 1987) of treatment. Because the lens is constantly
exposed to growth factors in the ocular environment in
vivo, we examined the effect of FGF and IGF/insulin on
avian lens cells after longer-term incubations. We found
that more prolonged exposure to FGF resulted in upregula-
tion of both cell proliferation and expression of fiber differ-
entiation markers in central epithelial explants as well as in
dissociated cell-derived monolayer cultures prepared from
embryonic chick lenses. Our studies demonstrate that the
effect of FGFs on lens epithelial cells is evolutionarily
conserved between mammals and birds and support the
concept that FGF is an important determinant of fiber
differentiation in the vertebrate lens in vivo.
MATERIALS AND METHODS
Materials. Recombinant human FGF-1 and bovine FGF-2, gen-
erous gifts from Dr. Felix Eckenstein (Oregon Health Sciences
University), were expressed as glutathione S-transferase (GST)
fusion proteins in Escherichia coli. After purification on
glutathione–agarose, the GST moiety was cleaved off with throm-
bin and the FGF was affinity-purified by heparin chromatography
using 0.3 M NaCl in the binding buffer and 2.5 M NaCl for elution
(Stock et al., 1992). Bioactivity was assessed by measuring stimu-
lation of DNA synthesis in AKR-2B cells (Shipley, 1986). Control
experiments demonstrated that the recombinant FGF-2 behaved
indistinguishably from FGF-2 prepared from bovine pituitary
glands (Sigma; Product No. F5392) in terms of its effects on chick
lens cell proliferation and differentiation (data not shown). Bovine
pancreas insulin and low-molecular-weight heparin (sodium salt,
from porcine intestinal mucosa) were purchased from Sigma–
Aldrich, and fetal calf serum was from Hyclone. The IGF-1 used
throughout this study was for R3 IGF-1 (GroPep; Adelaide, Austra-
lia). Because of its low affinity for IGF-binding proteins, this
analogue (also referred to as des [1-3] IGF-1) is more potent than
wild-type IGF-1 in biological assays and has been extensively used
in the study of IGF-induced cell proliferation and differentiation
(Coolican et al., 1997; Stewart and Rotwein, 1996). UO126, the




































































396 Le and Musilspecific MEK 1/2 inhibitor, was generously provided by Dr. James
Trzaskos (DuPont Pharmaceuticals). The nonhydrolyzable cAMP
analogue 8-CPT-cAMP (8-(4-chlorphenylthio)-cyclic AMP) was
from CalBiochem. The rabbit anti-mouse CP49 polyclonal serum
(No. 900) was a generous gift from Paul FitzGerald, University of
California, Davis. The phospho-p44/42 MAP kinase E10 monoclo-
nal mouse antibody was purchased from New England Biolabs, Inc.
Cell culture. Central epithelial explants were prepared from
embryonic day 6 (E6) chick lenses as previously described (Chepe-
linsky et al., 1985; Le and Musil, 1998) and cultured in M199
medium (Gibco BRL) supplemented with 0.1% bovine serum
albumin, penicillin G, and streptomycin in either the absence or
the presence of additives (FGF, IGF-1, insulin, vitreous humor, or
fetal calf serum) as indicated in Figs. 1 and 2. Explants were
cultured for up to 6 days at 37°C in 5% CO2, with one change of
medium 24 h after preparation. FGF had similar effects on explant
differentiation in the absence of bovine serum albumin (data not
shown). Dissociated cell-derived monolayer (DCDML) cultures
were prepared from E10 chick lenses as previously described (Le
and Musil, 1998). A single-cell suspension (consisting mainly of
cells from the peripheral regions of the epithelium; Menko et al.,
1984) was plated at ;40% confluency in a 96-well tissue culture
plate (0.9 3 105 cells/well) in M199 medium plus BOTS (2.5 mg/ml
ovine serum albumin, 25 mg/ml ovotransferrin, 30 nM selenium),
enicillin G, and streptomycin (M199/BOTS), with or without
dditives. Cells were cultured for up to 6 days at 37°C/5% CO2 and
fed every 2 days with fresh medium. When desired (Fig. 4A, d3
washout), cells cultured for 3 days with FGF-2 were rinsed three
times with 10 mg/ml heparin and then three times with M199 to
emove extracellular FGF, and the incubation continued in the
bsence of exogenous growth factor.
Plasmids and transient transfection of lens cells. One day after
eing plated, DCDML cultures were transfected in M199 medium
ithout BOTS or antibiotics using Lipofectamine PLUS (Gibco
RL) as specified by the manufacturer. Plasmids encoding wild-
ype MEK1, a constitutively active mutant form of MEK1 (S217E/
221E) (Cowley et al., 1994; Yao et al., 1995), or the lacZ gene
roduct b-galactosidase (pCH110; Pharmacia) were used at a con-
centration of 0.1 mg DNA per well of a 96-well tissue culture plate.
After incubation with DNA for 3 h, the transfection medium was
supplemented with BOTS, penicillin G, and streptomycin and the
cells were cultured for an additional 48 h prior to analysis.
[3H]Thymidine incorporation. One day after preparation, cen-
ral epithelial explants or DCDML cultures were labeled with 0.1
Ci/ml [3H]thymidine (New England Nuclear) for 12 h at 37°C in
199 medium plus BOTS, penicillin G, and streptomycin, with or
ithout added growth factor. Each condition was tested in tripli-
ate in each experiment. The labeled cultures were incubated at
oom temperature three times for 10 min each with 10% trichlo-
oacetic acid (Mallinckrodt AR) and then solubilized with 0.2 M
aOH (Shipley, 1986). Radioactivity was determined by liquid
cintillation counting using Ecolite (ICN).
[35S]Methionine metabolic labeling. Central epithelial ex-
plants or DCDML cultures were labeled at 37°C with 0.1 mCi/ml
[35S]methionine (EXPRE35S35S, New England Nuclear) for 2 or 4 h,
respectively, in methionine- and serum-free Dulbecco’s minimum
essential medium (DMEM) (Gibco BRL) and then solubilized in
lysis buffer (1 mM Tris base, 1 mM EGTA, 1 mM EDTA, 0.6% SDS,
10 mM iodoacetamide, 2 mM PMSF, pH 8.0) as previously de-
scribed (Le and Musil, 1998). After addition of SDS–PAGE sample
buffer (7.1% glycerol, 1.92 mM Tris, pH 6.8, 2.5% SDS, 2%
2-mercaptoethanol), the whole-cell lysates were boiled for 3 min c
Copyright © 2001 by Academic Press. All rightand electrophoresed on 11% SDS–polyacrylamide gels. [35S]Methi-
nine incorporation into total cellular protein and into d-crystallin
was quantitated on a PhosphorImager (Molecular Dynamics) uti-
lizing IPLab Gel software (Signal Analytics Corp.).
Immunoblot analysis of CP49 and phospho-ERK. For CP49,
DCDML cultures and central epithelial explants were solubilized
in lysis buffer (see above) and boiled for 3 min. The protein
concentration of DCDML-derived lysates was determined using
the Folin phenol protein microassay (Peterson, 1983), and 1 mg of
rotein was loaded onto each lane of a 10% SDS–polyacrylamide
el. Samples were prepared for analysis of phospho-ERK (pERK) as
ollows. For DCDML cultures, cells were solubilized directly into
DS–PAGE sample buffer (see above) and boiled for 3 min, and the
ntire whole-cell lysate from each well of a 96-well culture plate
as analyzed per lane of a 10% SDS–polyacrylamide gel. For intact
enses, lenses dissected from E10 chicks or P3 rats were carefully
olled on a piece of Kimwipe to remove nonlenticular tissue
mmediately prior to solubilization in boiling lysis buffer. Ten
icrograms of total lens protein (determined by the Folin phenol
ssay) was analyzed per gel lane. After electrophoresis, samples
ere transferred to PVDF membranes (Immobilon) for 45 min at 65
V. Blots were blocked for 1 h at room temperature with 0.4%
-Block (Tropix, Inc.) in 0.1% Tween 20/PBS, after which the
ppropriate primary antibody (anti-CP49 serum or phospho-p44/42
AP kinase E10 monoclonal mouse antibody) was added in 0.2%
-Block, 0.1% Tween 20/PBS. After overnight incubation at 4°C,
he blots were rinsed two times for 5 min each in 0.1% Tween
0/PBS and incubated for 1 h at room temperature with the
ppropriate alkaline phosphatase-conjugated secondary antibody
Promega) diluted in 0.2% I-Block, 0.1% Tween 20/PBS. The blots
ere then subjected to three 5-min washes in 0.1% Tween 20/PBS
ollowed by two 5-min washes in 0.1 M diethanolamine/1 mM
gCl2. Immunoreactive protein bands were detected using the
hemiluminescent CSPD substrate and Kodak XAR-5 film as
escribed by the manufacturer (Tropix, Inc.) and quantitated by
ensitometry using IPLab Gel software.
Explant histology. Lens central epithelial explants were fixed
n 2% paraformaldehyde/Dulbecco’s PBS (pH 7.5) for 30 min at
oom temperature and then stained with 1% thionin (Eastman
odak Co.) to facilitate visualization of the explant during the
mbedding process. The fixed and stained explants were dehy-
rated through a graded ethanol series followed by xylene and then
mbedded in paraffin wax. Five-micrometer-thick sections were
ut, stained with Gill’s No. 3 Hematoxylin (Fisher) and Eosin Y
LabChem, Inc.), and visualized with a Leitz DMR microscope.
Preparation of vitreous humor and vitreous body conditioned
edium. Vitreous humor (VH) was prepared using a modification
f the procedure of Beebe et al. (1980). Vitreous bodies were
issected from E10 chick eyes, pooled, and centrifuged for 10 min
t 4°C at 21,000 rpm in a TLA55 rotor in a Beckman Optima
ltracentrifuge to remove cells and the fibrous elements of the
itreous body. The supernatant, referred to as vitreous humor (1
l 5 ;10 vitreous bodies), was diluted with 2.3 vol of M199
edium (530% VH). For vitreous body conditioned medium
VBCM), 12 vitreous bodies were removed from E10 chick eyes and
ransferred to the upper compartment of a 12-mm-diameter Trans-
ell filter (polycarbonate; pore size 0.4 mm) (Corning Costar Corp.)
inserted into a 22-mm-diameter tissue culture plate well contain-
ing 1.2 ml of M199 medium. After an overnight incubation at 37°C
in a 5% CO incubator, the lower chamber medium (5VBCM) was2
ollected.



























397FGF in Chick Lens DevelopmentFractionation of vitreous on heparin beads. One milliliter of
either 30% VH/M199 or VBCM was mixed end-over-end with 0.1
ml of heparin-conjugated Affigel beads (Bio-Rad) in the presence of
0.6 M NaCl for 2 h at 4°C. The beads were pelleted by centrifuga-
tion, the unbound supernatant was collected, and the beads were
resuspended in 1 ml M199 medium supplemented with 2.5 M NaCl
for 1 min at room temperature to elute FGF-like activity. The
unbound and eluate fractions were subjected to repeated rounds of
concentration by ultrafiltration (Centricon YM-3 filters; 3000-Da
molecular mass cut-off) and dilution with M199 medium to lower
the salt concentration to 0.15 M NaCl and return the fractions to
their original (1 ml) volume.
Statistical analysis. Data are graphed as the means 1/2 stan-
dard deviation obtained in the number of experiments indicated in
the figure; significance was evaluated using a Student’s t test.
RESULTS
FGF Stimulates Cell Proliferation in Embryonic
Chick Lens Central Epithelial Explants
Central epithelial explants are the most commonly used
culture system for the study of lens cell proliferation and
differentiation both in the chick and in mammals. Explants
are prepared by manually excising the fiber mass from
whole lenses and then trimming the remaining epithelial
monolayer (still attached to the lens capsule) to remove
cells originating from the peripheral (equatorial) regions of
the lens. Explants prepared from E6 embryonic chick lenses
have been reported to undergo limited proliferation when
cultured in the presence of 1 mg/ml insulin (Milstone and
iatigorsky, 1975). Accordingly, we found that a 24-h treat-
ent of such explants with 1 mg/ml insulin (or, not shown,
0 ng/ml IGF-1) more than doubled the amount of tritiated
hymidine incorporated into DNA during a subsequent
2-h labeling period (Fig. 1). Notably, 25 ng/ml FGF-2
nduced a similar increase in DNA synthesis under the
ame conditions. FGF, IGF-1, and insulin have previously
een shown to be mitogenic for central epithelial explants
repared from neonatal rat (Liu et al., 1996) and for cultured
abbit lenses (Reddan et al., 1975; Reddan and Wilson-
ziedzic, 1983). Consistent with the findings of others
Philpott and Coulombre, 1965, 1968), explants cultured in
he absence of exogenously added growth factor remained
iable for over 6 days as assessed either by a calcein
M/ethidium homodimer-based live/dead cell assay or by
35S]methionine incorporation into total cellular protein
(data not shown). Insulin and FGF therefore appeared to be
acting as bona fide stimulators of proliferation instead of as
survival factors. Neither insulin nor FGF significantly in-
creased [3H]thymidine incorporation over a 5-h period if the
label and growth factor were added simultaneously imme-
diately after explant preparation (data not shown). Although
other explanations are possible, the most likely reason for
the failure of a previous study to detect an effect of FGF on
entry of E6 chick central epithelial explants into S phase is
therefore because the treatment time was limited to 3 h
(Hyatt and Beebe, 1993).
Copyright © 2001 by Academic Press. All rightFGF Induces Epithelial-to-Fiber Differentiation of
Embryonic Chick Lens Central Epithelial Explants
d-Crystallin is detectable in embryonic chick lens central
epithelial cells but undergoes a dramatic increase in expres-
sion during differentiation such that it constitutes up to
80% of the total protein synthesized by embryonic chick
fiber cells in vivo (Piatigorsky et al., 1972). Although
upregulation of d-crystallin is a commonly used molecular
marker of epithelial-to-fiber differentiation in avian and
reptilian lenses, to our knowledge the effect of FGF on this
process has not been reported. Central epithelial explants
were treated with or without growth factors for up to 6 days
prior to metabolic labeling with [35S]methionine for 2 h.
otal cell lysates were prepared and analyzed by SDS–
AGE, and the amount of radiolabeled d-crystallin was
uantitated by PhosphorImager analysis and expressed as
he percentage of total [35S]methionine-labeled protein syn-
FIG. 1. FGF stimulates DNA synthesis in embryonic chick lens
central epithelial explants. Central epithelial explants were pre-
pared from E6 chick lenses as described under Materials and
Methods and cultured in M199 medium plus 0.1% bovine serum
albumin in either the absence or the presence of growth factor as
indicated. Approximately 16 h after explantation, [3H]thymidine
as added directly to the culture medium. Incorporation of radio-
ctive thymidine into DNA during a 12-h labeling period was
easured by liquid scintillation counting as described under Ma-
erials and Methods. The data are presented as the fold increase in
ritiated thymidine incorporation in the presence of added growth
actor relative to [3H]thymidine incorporation in untreated controls
within the same experiment. Each condition was tested in tripli-
cate in each experiment; P for 25 ng/ml FGF-2 compared with
control is ,0.005. The parenthetical n values are the number of
independent experiments conducted. Untreated control explants
incorporated an average of 750 counts per minute of [3H]thymidine
per explant. The average background in the absence of cells was 400
counts per minute.thesized. This approach allowed comparison of d-crystallin












398 Le and Musilexpression in different explants without the need to nor-
malize to cell number. In the absence of added growth
factor, d-crystallin constituted ;8–10% of the total
[35S]methionine-labeled protein synthesized on days 1, 3,
and 6 of culture (Fig. 2A), very close to the value reported by
Beebe et al. (1987) for explants maintained under similar
FIG. 2. FGF induces epithelial-to-fiber cell differentiation of ch
explants were cultured in M199 plus 0.1% bovine serum albumin
(A) After 1, 3, or 6 days of culture, explants were metabolically labe
f radiolabeled d-crystallin detected by SDS–PAGE was expressed a
ypical day 1 data set is shown in the inset; d-crystallin was ide
Molecular mass markers are indicated on the right. Each bar repre
are an average of two separate experiments: 1 mg/ml insulin, day 3
6 (d-crystallin/total protein 5 14%; 12.3%). At all time points, the
0.0001). (B) Total cell lysates from nine explants cultured for 6 days
for 6 days with 1 mg/ml insulin (lane 2), or one explant culture
mmunoblotting. Data shown are typical of three independent e
65-kDa species is nonspecifically recognized by the anti-CP49 se
xplants analyzed. (C) Explants were cultured for 6 days in M199 p
etal calf serum (15% FCS), with 30% embryonic chick vitreous hu
hen fixed in paraformaldehyde, dehydrated, and embedded in paraf
nd photographed at either 1003 or 4003 magnification.nondifferentiating conditions. A 24-h incubation with ei- 1
Copyright © 2001 by Academic Press. All righther insulin (1 mg/ml) (Fig. 2A) or 15% fetal calf serum (data
not shown) increased the expression of d-crystallin to
;14% of the total [35S]methionine-labeled protein synthe-
ized. This enhancement is similar to that reported by
iatigorsky and co-workers after incubation of explants
ith 1 mg/ml insulin (Milstone and Piatigorsky, 1977) or
lens central epithelial explants. E6 chick lens central epithelial
her the absence (control) or the presence of the indicated additive.
ith [35S]methionine for 2 h and solubilized in SDS, and the amount
percentage of total [35S]methionine-labeled protein synthesized. A
d by comigration with d-crystallin from E10 chick lens lysates.
the average of three experiments except for the following, which
rystallin/total protein 5 10.7%; 15.25%) and 1 mg/ml insulin, day
es obtained for FGF-2 are significantly higher than controls (P ,
e absence of exogenous growth factor (lane 1), one explant cultured
6 days with FGF-2 (lane 3) were analyzed for CP49 content by
iments. Molecular mass markers are indicated on the left. The
its intensity is greatest in lane 1 because of the larger number of
.1% bovine serum albumin without additions (control), with 15%
(30% VH), or with 25 ng/ml FGF-2 as indicated. The explants were
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399FGF in Chick Lens DevelopmentStrikingly, 10–25 ng/ml FGF-2 consistently increased
d-crystallin to 25% of the total pulse-labeled protein after
24 h of treatment. Stimulation of d-crystallin synthesis by
GF continued to exceed that induced by insulin at days 3
nd 6 of culture, with a maximum (41% at day 3) more than
hreefold greater than that obtained with insulin (Fig. 2A).
We next investigated whether FGF could induce the de
ovo expression of a fiber-specific gene that is absent from
ndifferentiated epithelial cells (Fig. 2B). In both birds and
ammals, CP49 (also known as phakinin) is expressed only
n cortical and nuclear lens fiber cells and is an essential
omponent of beaded filaments, a lens-specific type of
ntermediate filament (reviewed in Quinlan et al., 1996). As
xpected, CP49 could not be detected in undifferentiated E6
entral epithelial explants maintained in unsupplemented
199 medium for 6 days, even if the whole-cell lysates
rom nine explants were combined and analyzed by West-
rn blotting (Fig. 2B, left lane). In contrast, high levels of
nti-CP49 immunoreactivity were recovered from a single
xplant treated for 6 days with either 1 mg/ml insulin or 25
g/ml FGF-2.
As in vivo, differentiation of explanted chick and rodent
ens epithelial cells is characterized by cell elongation.
longation of E6 chick explants has been reported to be
aximally induced by 15% fetal calf serum, resulting in a
-fold increase in tissue thickness by day 3 of culture
Piatigorsky and Rothschild, 1972) and a 25-fold increase
fter 1 month (Piatigorsky, 1973). When cultured in un-
upplemented M199 medium, E6 chick lens central epithe-
ial explants remained as a flat monolayer of epithelial cells
Fig. 2C). In the presence of 15% fetal calf serum, cell length
ncreased approximately 9-fold over a 6-day period (see also
e and Musil, 1998). Similar results were obtained with
edium supplemented with E6 vitreous humor, another
reviously characterized differentiation factor for both
hick (Beebe et al., 1980) and rodent explants (Lovicu et al.,
995; Schulz et al., 1993). Notably, 25 ng/ml FGF-2 (Fig. 2C)
r 100 ng/ml FGF-1 plus its cofactor heparin (1 mg/ml)
(Uhlrich et al., 1986) (not shown) also dramatically in-
creased the thickness of E6 explants, typically to a slightly
greater extent at the explant periphery than in the center,
producing a “dumbbell” profile in cross section. Although
the distribution of nuclei in explant sections was suggestive
of some cell proliferation (as expected from [3H]thymidine
incorporation; Fig. 1), the increase in explant thickness was
due mainly to cell elongation. Both the multilayering of
elongated cells and the dumbbell shape are previously
reported characteristics of FGF-treated rodent explants and
are largely absent from explants cultured with either insu-
lin or an IGF (Richardson et al., 1993). In the chick,
Piatigorsky et al. (1973) have reported that insulin doubled
the thickness of E6 lens central epithelial explants by 24 h
of culture but did not sustain this elongation at later time
points. In our hands, elongation of chick explants in re-
sponse to insulin or IGF-1 was inconsistent and never
exceeded that obtained with either fetal calf serum or FGF
at day 6 of culture (data not shown). Taken together, these r
Copyright © 2001 by Academic Press. All rightresults demonstrate that chick lens central epithelial ex-
plants undergo morphological as well as biochemical differ-
entiation when treated with purified FGF at the same
concentration and for the same length of time as has
previously been shown to induce fiber formation in rodent
explants (McAvoy and Chamberlain, 1989). Conventional
phase-contrast microscopy did not reveal obvious cell elon-
gation after exposure to FGF for 5 h, the maximum length of
time tested in previous investigations in the chick explant
system (Beebe et al., 1987). We cannot, however, exclude
the possibility that a more sensitive measurement tech-
nique (see Beebe and Fegans, 1981) would have detected an
increase in cell length during this period.
FGF Stimulates Cell Proliferation in Embryonic
Chick Lens Dissociated Cell-Derived Monolayer
Cultures
In vivo, it is the epithelial cells located near the lens
equator, not those in the central region, that differentiate
into secondary fiber cells. Studies in the rat lens have
shown that the sensitivity of these so-called peripheral
epithelial cells to growth factors (including FGF) is distinct
from that of epithelial cells originating from the central
epithelium (Richardson et al., 1992, 1993). To determine
he effect of FGF and insulin/IGF on chick lens peripheral
pithelial cells, we prepared dissociated cell-derived mono-
ayers enriched in this population from E10 embryos. As
escribed by Menko et al. (1984), such cultures undergo cell
ivision and epithelial-to-fiber differentiation when grown
n the presence of fetal calf serum. We have reported that
hese cells remain viable and continue to proliferate and
ifferentiate in a defined, growth factor-free medium
M199/BOTS), albeit to a more limited extent than in the
resence of serum (Le and Musil, 1998). The ability of
nsulin/IGF and FGF to stimulate proliferation of chick lens
eripheral epithelial cells was assessed by plating cells
nder serum-free conditions in either the absence or the
resence of added growth factor (Fig. 3). Relative to un-
reated controls, 1 mg/ml insulin or (not shown) 15 ng/ml
IGF quadrupled the amount of [3H]thymidine incorporated
into DNA on the following day. Insulin had a much weaker
effect at 50 ng/ml, suggesting that its activity was mediated
mainly by binding to IGFR-1 receptors instead of to the
higher-affinity insulin receptor (Gammeltoft et al., 1988).
FGF-2 significantly enhanced DNA synthesis at a concen-
tration of 1 ng/ml and at 10 ng/ml increased [3H]thymidine
ncorporation 4-fold (Fig. 3), resulting in a 1.7-fold increase
n cell number on day 3 of culture as measured by methyl-
ne blue staining or by direct cell counting (data not
hown). FGF and insulin also increased DNA synthesis if
dded to 1-day-old cultures, indicating that their effect was
ot due to either improved plating efficiency or cell spread-
ng (see Fig. 6A). In keeping with previous reports (Hyatt
nd Beebe, 1993; Liu et al., 1994), neither recombinant
uman EGF (at either 1 or 100 ng/ml) nor 1–1000 ng/ml
ecombinant human TGF-b substantially increased prolif-



















400 Le and Musileration under serum-free conditions despite the reported
expression of their respective receptors by at least some
lens cells (not shown).
FGF Induces Epithelial-to-Fiber Differentiation in
Embryonic Chick Dissociated Cell-Derived
Monolayer Cultures
In the absence of exogenously added growth factor,
d-crystallin comprised ;14% of the total protein labeled
during a 4-h pulse with [35S]methionine on day 6 of culture
(Fig. 4A). This value is greater than that obtained in undif-
ferentiated explants (8–10%; Fig. 2A), in keeping with the
higher expression of d-crystallin in peripheral relative to
central epithelial regions of the lens (Piatigorsky et al.,
1972). Synthesis of d-crystallin was increased to greater
han 25% of total labeled protein if monolayers were
ultured for 6 days in the presence of 1 mg/ml insulin, 15
FIG. 3. FGF stimulates DNA synthesis in embryonic chick lens
prepared from E10 chick lenses as described under Materials and Me
or the presence of the indicated growth factor. Approximately 16 h
and the cells were labeled for 12 h. The data are presented as the fol
growth factor relative to [3H]thymidine incorporation in untreate
riplicate in each experiment. The n value in parentheses indicate
ultures incorporated an average of 16,665 counts per minute of
ignificantly higher than controls (P , 0.05).ng/ml IGF-1, 10 ng/ml FGF-2, or 10 ng/ml FGF-1 and its i
Copyright © 2001 by Academic Press. All rightofactor heparin. FGF-2 at 1 ng/ml only minimally stimu-
ated d-crystallin expression despite its ability to signifi-
antly enhance cell proliferation (see Fig. 3). Moreover, no
ncrease in [35S]methionine-labeled d-crystallin was detect-
ble on day 6 of culture if FGF was removed on day 3.
ontinuous exposure to levels of FGF-2 or FGF-1 greater
han those sufficient to elicit cell proliferation is also a
equirement for induction of fiber-specific proteins in ro-
ent lens cells (Klok et al., 1998; McAvoy and Chamberlain,
989). The ability of insulin to enhance d-crystallin expres-
sion in chick lens cells was unaffected by the continuous
presence of a mixture of anti-FGF-1 and anti-FGF-2
function-blocking antibodies or if the cultures were treated
with 10 mg/ml heparin to remove any endogenous FGF prior
o insulin addition (data not shown).
Low levels of CP49 were detectable by Western blot in
ontrol (no added growth factor) dissociated cell-derived
onolayers, as expected given that CP49 expression is
DML cultures. Dissociated cell-derived monolayer cultures were
s and plated in M199/BOTS medium in either the absence (control)
plating, [3H]thymidine was added directly to the culture medium
rease in tritiated thymidine incorporation in the presence of added
trols within the same experiment; each condition was tested in
number of independent experiments. Untreated control DCDML






[3H]thnitiated in the peripheral regions of the lens (Ireland et al.,





401FGF in Chick Lens Development1997) (Fig. 4B). Expression of CP49 was upregulated by 1
mg/ml insulin, 15 ng/ml IGF (data not shown), or 10 ng/ml
FIG. 4. FGF induces epithelial-to-fiber cell differentiation in emb
E10 chick lenses and cultured in M199/BOTS medium without ad
or with 10 ng/ml FGF-2 for 3 days followed by removal of extrace
exogenous growth factor (d3 washout). Cells were then metabolical
by SDS–PAGE. The amount of radiolabeled d-crystallin synthesized
Each bar represents the average of three or more experiments (n i
average of two independent experiments: 100 ng/ml insulin (d-cryst
d-crystallin/total protein 5 31.7%; 39.5%). (B) DCDMLs were cult
the nonhydrolyzable cAMP analogue 8-CPT as indicated. Cells wer
for CP49 by immunoblotting, and CP49 bands were quantitated by
in treated cells relative to the amount of CP49 in untreated contro
were obtained is shown above the bar graph. Each bar represents the
except for 1 ng/ml FGF-2, which is the average of two independen
ontrol). The values obtained for 10 ng/ml FGF-2 in A and B are sFGF-2, whereas 1 ng/ml FGF had no significant effect. The a
Copyright © 2001 by Academic Press. All rightncrease in CP49 expression in response to 10 ng/ml FGF-2
as comparable to that elicited by cyclic AMP analogues,
ic chick lens DCDML cultures. (A) DCDMLs were prepared from
s for 6 days (control), with the indicated growth factor for 6 days,
r FGF with heparin and 3 more days of culture in the absence of
eled with [35S]methionine for 4 h, solubilized in SDS, and analyzed
xpressed as the percentage of total [35S]methionine-labeled protein.
number of experiments) except for the following, which are the
total protein 5 16%; 19%) and 10 ng/ml FGF-1 1 2 mg/ml heparin
for 6 days in the absence (control) or presence of insulin, FGF-2, or
ubilized in SDS, whole-cell lysates (1 mg protein/lane) were probed
sitometry. The data are expressed as the amount of CP49 protein
thin the same experiment; a typical blot from which these values
age of three or more experiments (n is the number of experiments)
periments (CP49 protein 5 0.6- and 0.9-fold relative to untreated
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402 Le and Musiltion of CP49 from morphological differentiation of cultured
chick lens epithelial cells (Ireland et al., 1997).
Role of the ERK MAP Kinase Cascade in Growth
Factor Signaling in the Chick Lens
Taken together, the studies described in Figs. 1–4 demon-
strated that both FGFs and insulin/IGF-type growth factors
promote cell proliferation and fiber protein expression in
cultured chick lens epithelial cells. A fundamental question is
whether the two classes of factors exert their effects on lens
cells via the same or different signaling mechanisms down-
stream of receptor activation. The ERK subclass of MAP
kinases is involved in the growth factor-mediated prolifera-
tion and/or differentiation of many cell types (reviewed in
Lewis et al., 1998). Although its role in lens development was
not addressed, Chow et al. (1995) have shown that FGF
stimulates the ERK pathway in intact rodent lens. As a first
step toward determining how growth factors affect lens cell
fate, we compared the ability of FGF and insulin to activate
the ERK cascade in cultured lens cells.
The kinase activity of ERK1 and ERK2 is upregulated by
phosphorylation of a conserved Thr-Glu-Tyr motif by the
upstream kinases MEK1 and MEK2, an event that confers
recognition by antibodies (anti-pERK) specific for the dually
phosphorylated forms (Khokhlatchev et al., 1997). Acquisi-
tion of anti-pERK immunoreactivity accurately reflects
activation of the ERK cascade in chick lens cells as assessed
in a series of control experiments (Fig. 5A). Transient
transfection of dissociated cell-derived chick lens mono-
layer cultures with a constitutively active form of
MEK1(S217E/S221E) (Cowley et al., 1994) greatly increased
the immunoreactivity of whole-cell lysates with anti-pERK
antibodies on Western blots (lane 2). In contrast, expression
of wild-type MEK1 (lane 3) or a b-galactosidase control (lane
) to the same level as the constitutively active MEK did
ot appreciably change anti-pERK reactivity. The ability of
he constitutively active MEK1 construct to upregulate
RK phosphorylation was completely blocked by 15 mM
UO126, a potent, cell-permeable, nontoxic, and highly
specific inhibitor of MEK1/2 and therefore of the ERK
cascade (Favata et al., 1998; Maher, 1999) (lane 5).
As assessed by anti-pERK Western blot analysis, both
FGF-2 (1–25 ng/ml) and insulin (100 ng/ml to 1 mg/ml)
greatly stimulated ERK activation within 15 min of addi-
tion to intact lenses from either P3 neonatal rats or E10
embryonic chicks (Fig. 5B). The rapidity of the response
indicated that the lens capsule is freely permeable to both
classes of growth factors. FGF and insulin also increased
anti-pERK immunoreactivity in embryonic chick lens DC-
DMLs (Fig. 5B) and in central epithelial explants (data not
shown). As expected, activation of ERK by growth factors
was reduced to control levels by pretreatment of cells with
the MEK inhibitor UO126. Experiments in dissociated
cell-derived monolayers demonstrated that this block per-
sisted for at least 8 days, yet was reversible within 15 min
of UO126 wash-out (data not shown). As detected by
Copyright © 2001 by Academic Press. All rightindirect immunofluorescence with anti-pERK antibodies,
virtually 100% of the cells in the culture activated ERK in
response to either FGF or insulin in a UO126-sensitive
manner (not shown).
We used UO126 to test whether activation of ERKs is
required for any of the effects of FGF and/or insulin on
cultured lens cells. To assess the dependence of growth
factor-induced proliferation on the ERK cascade, cells were
plated and cultured overnight in the absence of any addi-
tions to permit progression through any cell cycles that had
been initiated in vivo. The cells were then incubated for
2 h with [3H]thymidine in either the absence or the
resence of growth factor, with or without UO126 pretreat-
ent (Fig. 6A). UO126 reduced the level of DNA synthesis
n otherwise unsupplemented cultures, most likely because
f its effect on basal ERK activation (see Fig. 5B) (Bost et al.,
997). The attenuation of proliferation was not associated
ith increased cell death or with a reduction in total
rotein synthesis and was completely reversible upon re-
gent wash-out (not shown). Relative to cells treated with
O126 alone, UO126 did not significantly diminish the
bility of 15 ng/ml FGF-2 or 1 mg/ml insulin to stimulate
[3H]thymidine incorporation (Fig. 6A). UO126 also failed to
educe FGF-simulated DNA synthesis in cells cultured for 5
ays in unsupplemented M199 prior to addition of [3H]thy-
midine and the growth factor, indicating that mitoses
initiated long after removal of cells from the in vivo
environment were still ERK-independent (data not shown).
Given that the cell cycle in embryonic chick lens epithelial
cells is approximately 18 h (Brewitt et al., 1992), it is
unlikely that proliferation is a two-step process in which
cells undergo an ERK-requiring priming step in vivo that
renders subsequent growth factor-induced cell division in
culture ERK-independent.
UO126 was next utilized to assess the role of ERK
activation in the expression of fiber differentiation markers.
Dissociated cell-derived monolayers were cultured in the
continuous presence of growth factor and UO126 for 6 days
prior to analysis of d-crystallin and CP49 levels. UO126 did
not appreciably affect basal expression of either d-crystallin
or CP49 in control (no added growth factor) cultures (not
shown) or the stimulation of CP49 synthesis by the cAMP
analogue 8-CPT (Fig. 6C). In contrast, UO126 blocked
upregulation of CP49 in response to either FGF or insulin
(Fig. 6C). The two growth factors differed, however, in the
pathways by which they increased d-crystallin expression:
whereas ERK activation was required for insulin or IGF-1 to
significantly enhance d-crystallin synthesis, UO126 only
slightly reduced the efficacy of FGF (Fig. 6B). This dissimi-
larity indicates that FGF and insulin/IGF-type growth fac-
tors affect lens cell fate by nonidentical pathways.
Chick Vitreous Humor Is an in Vivo Source of an
FGF-like Lens Differentiation Factor
In order for FGF to play a physiologically important role
in lens differentiation, it must be present in the ocular













403FGF in Chick Lens Developmentenvironment in sufficient amounts and in an appropriate
location to stimulate fiber formation. In the mammalian
lens, FGF (derived in part from the retina) is concentrated in
the vitreous humor, from which it can be purified using
heparin–Sepharose chromatography (Caruelle et al., 1989;
chulz et al., 1993). FGF is also present in, and can be
urified from, chick vitreous humor (Mascarelli et al.,
1987), but was not previously considered a possible differ-
entiation factor in this species because of the reported
failure of purified FGF to stimulate elongation of E6 chick
lens central epithelial cell explants (Beebe et al., 1987). In
FIG. 5. Activation of the ERK MAP kinase cascade by growth fact
rom E10 chick lenses and transfected the day after plating with p
RKs (CA-MEK), wild-type MEK1 (WT-MEK), or an irrelevant trans
fter transfection and assessed for activation of ERK by immu
onoclonal antibody. One culture was supplemented with the M
lasmid (lane 5). Molecular mass markers are indicated on the righ
ntact lenses from E10 chicks, or E10 chick DCDMLs cultured fo
dditions (control), 15 ng/ml FGF-2, or 1 mg/ml insulin. The sample
ssessed for activation of ERK as described for A. Where indicated
O126 for 30 min prior to the 15-min incubation. Note that rodent
pecies, whereas chick lens expresses only the latter.light of our finding that avian lens cells respond to FGF in
Copyright © 2001 by Academic Press. All rightlonger-term (.5 h) differentiation assays, we reinvestigated
the potential function of FGF in chick vitreous humor.
We first characterized the effect of vitreous humor on
dissociated cell-derived embryonic chick lens cultures (Fig.
7). A 12,000g supernatant of homogenized vitreous bodies
was prepared from E10 chick embryos and (after a 3.3-fold
dilution in unsupplemented M199 culture medium) as-
sayed for differentiation-promoting activity. Over a 6-day
period, the vitreous humor supplemented medium (referred
to as 30% VH/M199) significantly increased the expression
of both d-crystallin and CP49 (Fig. 7). The enhancement of
n lens cells. (A) Dissociated cell-derived monolayers were prepared
ids encoding a mutant form of MEK1 that constitutively activate
on control (b-galactosidase). Whole-cell lysates were prepared 48 h
otting with the phospho-specific anti-p44/42 MAP kinase E10
hibitor UO126 (15 mM) 3 h after transfection with the CA-MEK
RK, activated ERK. (B) Intact lenses from postnatal day 3 (P3) rats,
days in M199/BOTS were incubated for 15 min at 37°C with no
e then immediately solubilized in SDS and whole-cell lysates were
O126), E10 chick DCDML cultures were pretreated with 15 mM









lensd-crystallin synthesis (to ;21% of total labeled protein) was
s of reproduction in any form reserved.
404 Le and MusilFIG. 6. FGF and insulin influence chick lens cell fate through nonidentical mechanisms. Dissociated cell-derived monolayer cultures
were prepared from E10 chick lenses and plated in unsupplemented M199/BOTS medium. The day after plating, the medium was replaced
with fresh M199/BOTS with or without 15 mM UO126 and the cultures were incubated for 30 min. (A) After 30 min, [3H]thymidine and


















405FGF in Chick Lens Developmentvery similar to that previously reported by Beebe et al.
(1980) after culture of E6 embryonic chick lens central
epithelial explants in 90% autologous vitreous humor (25%
in 48 h).
Vitreous humor is the liquid component of the gel-like
vitreous body. An important consideration is whether the
differentiation-promoting activity of vitreous humor is
capable of diffusing out of the vitreous body to affect lens
the indicated growth factor were added and the incubation contin
thymidine incorporation in the presence of the indicated compound
FGF-2, insulin, IGF-1, and UO126) or controls treated with UO126 a
bar represents the average of at least three experiments except for
ng/ml IGF-1 ([3H]thymidine incorporation 5 4.3- and 3.5-fold over u
ncorporation 5 3.4- and 4.1-fold over UO126-only controls). Each c
GF-2 with or without UO126 are significantly higher than their
actor was added and the incubation continued for 6 days. The cult
the amount of radiolabeled d-crystallin was quantitated and express
as described in the legend to Fig. 4A. The data are presented as the fo
additive(s) relative to d-crystallin expression in untreated controls. E
5 mM UO126 1 15 ng/ml IGF-1, which is the average of two se
ontrol). Note that inhibition of ERK activation abolishes upregula
GF; values for 15 ng/ml FGF without or with UO126 are significa
rowth factor was added and the incubation continued for 6 day
rotein/lane) were probed for CP49 by immunoblotting. CP49 ba
FIG. 7. Chick vitreous induces epithelial-to-fiber cell differentiat
prepared from E10 chick lenses and plated overnight in unsupplem
with fresh M199/BOTS (control), E10 chick vitreous humor diluted
intact E10 chick vitreous bodies (VBCM) as described under Mater
labeled with [35S]methionine for 4 h and the amount of radiolabe
35S]methionine-labeled cellular protein. Each bar represents the
significantly higher than control (P , 0.03). (B) On day 6 of cu
protein/lane) were probed for CP49 by immunoblotting. CP49 ba
described in the legend to Fig. 4B.escribed in the legend to Fig. 4B.
Copyright © 2001 by Academic Press. All rightell fate. To examine this issue, intact vitreous bodies
ere removed from E10 chick eyes and placed in the
pper compartment of a Transwell chamber containing
nsupplemented M199. After an overnight incubation,
he medium was removed from the lower compartment
nd tested for its effect on the synthesis of d-crystallin
and CP49 in dissociated cell-derived monolayer cultures.
As shown in Fig. 7, VBCM increased the expression of
for 12 h. The data are presented as the fold increase in tritiated
ive to [3H]thymidine incorporation in either untreated controls (for
(for UO126 1 FGF-2, UO126 1 insulin, and UO126 1 IGF-1). Each
following, which are the average of two separate experiments: 20
ated controls) and 20 ng/ml IGF-1 1 15 mM UO126 ([3H]thymidine
ion was tested in triplicate in each experiment. Values for 15 ng/ml
ctive controls (P , 0.05). (B) After 30 min, the indicated growth
were then metabolically labeled with [35S]methionine for 4 h, and
the percentage of total [35S]methionine-labeled protein synthesized
crease in d-crystallin expression in cells cultured with the indicated
bar represents the average of three or more experiments, except for
e experiments (d-crystallin/total protein 5 1.1- and 1.3-fold over
of d-crystallin synthesis in response to insulin or IGF-1 but not to
igher than control (P , 0.00002). (C) After 30 min, the indicated
e cultures were solubilized in SDS and whole-cell lysates (1 mg
were quantitated by densitometry and the data are expressed as
n embryonic chick lens DCDML cultures. DCDML cultures were
d M199/BOTS medium. The next day, the medium was replaced
2.3 vol of M199/BOTS (30% VH), or M199/BOTS conditioned with
nd Methods. (A) On day 6 of culture, the cells were metabolically
d-crystallin synthesized was expressed as the percentage of total
rage of three experiments. Values for 30% VH and VBCM are
, the cells were solubilized in SDS and whole-cell lysates (1 mg























































406 Le and Musilboth fiber markers to an extent comparable to 30%
VH/M199.
Evidence that the differentiation-promoting activity of
chick vitreous humor was more FGF-like than insulin/IGF-
like came from two additional experiments (Figs. 8 and 9).
Based on the results shown in Fig. 6B, the ability of vitreous
humor to increase d-crystallin expression would be ex-
pected to be effectively blocked by the MEK inhibitor
UO126 if mediated by an IGF/insulin-type factor, but only
minimally reduced if an FGF were responsible. Anti-pERK
immunoblotting revealed that 30% VH/M199 robustly ac-
tivated ERK2 in dissociated cell-derived chick lens mono-
layer cultures in a UO126-inhibitable manner (Fig. 8A).
Despite its potency in preventing ERK activation, UO126
FIG. 8. Upregulation of d-crystallin synthesis by chick vitreous is
RK-independent. (A) DCDMLs prepared from E10 lenses were
ultured for 3 days in M199/BOTS and then incubated for 15 min
n fresh M199/BOTS (control), 15 min in M199/BOTS containing
0% vitreous humor (30% VH), or 30 min with 15 mM UO126
followed by 15 min in M199/BOTS containing 15 mM UO126 and
30% vitreous humor (15 mM UO126 1 30% VH). The cells were
lysed and assessed for activation of ERK as described in the legend
to Fig. 5. (B) DCDMLs were plated in M199/BOTS medium. The
day after being plated, the cells were incubated for 30 min with or
without 15 mM UO126, after which the medium was replaced with
resh M199/BOTS (control), M199/BOTS containing 30% vitreous
umor (30% VH), or M199/BOTS containing 15 mM UO126 and
0% vitreous humor (15 mM UO126 1 30% VH). The cells were
cultured for 6 days and then metabolically labeled with [35S]methi-
onine for 4 h. The amount of radiolabeled d-crystallin synthesized
as quantitated as described in the legend to Fig. 6B. Each bar
epresents the average of three or more independent experiments.
alues for 30% VH without or with UO126 are significantly higher
han control (P # 0.007).did not reduce the ability of vitreous humor to upregulate
Copyright © 2001 by Academic Press. All rightd-crystallin expression (Fig. 8B). A similar result was ob-
tained in an experiment with vitreous body conditioned
medium (data not shown).
As a final test of the FGF-like nature of the d-crystallin-
romoting activity of chick vitreous humor, we examined
ts ability to interact with heparin-conjugated beads (Fig. 9).
defining characteristic of all members of the FGF family
s their high affinity for heparin, heparin sulfate, and
eparin sulfate proteoglycans (Ornitz, 2000). Control ex-
eriments verified that the ability of M199 medium con-
aining 15 ng/ml recombinant FGF to stimulate expression
f d-crystallin was abolished if the medium was preab-
orbed with heparin–Affigel in 0.1 M NaCl. In contrast, this
reatment had no effect on the competence of either 1
mg/ml insulin or 15 ng/ml IGF-1 to upregulate d-crystallin
synthesis (data not shown). The d-crystallin-promoting ac-
ivity of 30% VH/M199 or vitreous body conditioned me-
ium was removed when incubated with immobilized
eparin in salt concentrations as high as 0.6 M NaCl, but
id not bind to unconjugated Affigel beads. The activity was
argely recovered from the heparin beads by incubation in
.5 M NaCl (Fig. 9). This elution behavior is typical of an
GF (Mascarelli et al., 1987; Schulz et al., 1993; Seed et al.,
988) and distinguishes the d-crystallin promoting activity
of chick vitreous humor from either PDGF or VEGF, both of
which bind to heparin with a lower affinity than FGFs
(Sakurada et al., 1996; Vlodavsky et al., 1987). Identification
f the operative FGF species in vitreous humor was pre-
luded by the unavailability of blocking antibodies capable
f selectively neutralizing the activity of each of the 23
nown members of the FGF family.
DISCUSSION
Although the key processes in lens development were
first recapitulated in culture over 30 years ago (Philpott and
Coulombre, 1965), the molecular mechanisms underlying
these events have not been elucidated. In this study, we
have demonstrated that primary lens cells from embryonic
chick, previously thought to be unresponsive to FGF (Beebe
et al., 1987; Hyatt and Beebe, 1993), in fact undergo prolif-
eration and differentiation when cultured in the presence of
purified FGF-1 or FGF-2 for periods (.5 h) longer than those
used in prior investigations. Such longer-term treatments
have been routinely used in studies with mammal-derived
lens cultures and are physiologically relevant given that the
lens is continuously exposed to growth factors in the ocular
environment. In embryonic chick lens central epithelial
explants, FGF upregulated each of the markers of epithelial-
to-fiber differentiation assayed to an extent equal to (expres-
sion of CP49) or greater than (stimulation of d-crystallin
synthesis; cell elongation) insulin or IGF-1 (Fig. 2). Fiber-
type gene expression was stimulated by concentrations of
FGF similar to those required for induction of differentation
of rat lens central epithelial explants (McAvoy and Cham-
berlain, 1989) and several nonlenticular cell types (Maher,










407FGF in Chick Lens Development1999; Claude et al., 1988; Kuo et al., 1997). In monolayer
ultures, the effects of FGF on d-crystallin and CP49 levels
ere also comparable to those of insulin/IGF (Figs. 4A and
B).
The ERK Cascade in FGF- and Insulin/IGF-
Stimulated Lens Cell Proliferation and
Differentiation
Our studies show that FGF, insulin, and IGF-1 stimulate
both division and differentiation of cultured chick lens
epithelial cells. A similar dual function has been demon-
strated for FGF in rodent lens explants (McAvoy and Cham-
berlain, 1989) and in adrenal chromaffin cells (Claude et al.,
1988); IGF-1 promotes both proliferation and differentiation
of rat myoblasts (Florini et al., 1996) and fetal brown
adipocytes (Porras et al., 1998). Studies in nonlenticular
ystems have elucidated two mechanisms by which a single
rowth factor can mediate these two very different pro-
esses within the same cell type. In some cases, prolifera-
ion and differentiation are controlled by separate signaling
ascades downstream of receptor activation (Coolican et al.,
1997; Porras et al., 1998). In other systems, the same
pathway is the predominant mediator of both division and
differentiation, with the outcome determined by the dura-
tion and/or intensity of signaling through this pathway
FIG. 9. The d-crystallin-promoting activity of chick vitreous has
M199/BOTS (30% VH), or M199/BOTS conditioned with intact E10
Affigel beads in the presence of 0.6 M NaCl as described under Ma
supernatant (5 heparin 0.6 M NaCl unbound), FGF-like activity wa
were brought to 0.15 M NaCl by repeated rounds of concentration
M199/BOTS (control), unfractionated 30% VH (30% VH input), u
fraction for 6 days. The amount of radiolabeled d-crystallin synth
represents the average of three or more independent experiments. T
that for the control (,0.007).(reviewed by Marshall, 1995). As a first step toward deter-
Copyright © 2001 by Academic Press. All rightmining which (if either) mechanism is operative in lens
cells, we tested whether the ERK pathway was required for
any of the observed effects of growth factors on dissociated
cell-derived embryonic chick lens monolayer cultures. De-
spite their participation in a wide variety of growth factor-
induced phenomena in most cell types, the role of the ERK
family of MAP kinases in lens development has, to our
knowledge, not previously been investigated in any species.
Using an antibody that specifically recognizes the active
form of ERK1/2, we have shown that FGF, insulin, and IGF
all robustly activate ERKs in whole rodent and chick lenses
as well as in chick lens epithelial cell cultures (Fig. 5). In
many, although not all (Dufourny et al., 1997; Maher,
1999), cell types, FGF- and/or insulin/IGF-induced cell
proliferation is ERK-dependent. It was therefore notable
that blocking ERK activity with UO126 did not diminish
the ability of either FGF or insulin to stimulate [3H]thymi-
dine incorporation in dissociated cell-derived chick lens
monolayer cultures (Fig. 6A). ERK activation was, however,
essential for upregulation of expression of the fiber differ-
entiation marker CP49 by either FGF or insulin (Fig. 6C),
indicating that the signal transduction cascades that govern
differentiation in these cells are at least partially distinct
from those that effect DNA synthesis. FGF and insulin/IGF
differed, however, in that blocking the ERK cascade abol-
ished the ability of insulin/IGF to upregulate d-crystallin
-like properties. E10 chick vitreous humor diluted with 2.3 vol of
ck vitreous bodies (VBCM) was incubated with heparin-conjugated
ls and Methods. The beads were pelleted, and after removal of the
ted with 2.5 M NaCl (5 heparin 2.5 M NaCl eluate). The fractions
ilution with M199 medium. DCDMLs were cultured for 6 days in
ctionated VBCM (VBCM input), or the indicated heparin–Affigel
d was quantitated as described in the legend to Fig. 6B. Each bar






esizeexpression, whereas induction by FGF was much less af-





















































































408 Le and Musilfected (Fig. 6B). The latter finding indicates that FGF and
insulin/IGF influence chick lens cell fate through noniden-
tical mechanisms. In vivo, multiple independent pathways
leading to the same endpoint may serve as back-up systems
to ensure continued development of the lens should one
pathway become compromised.
In Vivo Role of FGF and Insulin/IGF-type Factors
in Chick Lens Development
Our finding that cultured chick lens epithelial cells
respond to purified recombinant FGF-2 and FGF-1 as well as
to insulin and IGF-1 raised the question of whether one or
more of these factors are likely to contribute to lens
development in vivo. IGF-1 and both FGFs have been
etected in vitreous humor (Arnold et al., 1993; Caruelle et
l., 1989; Mascarelli et al., 1987), which serves as a reservoir
f various ocular growth factors and which lens inversion
xperiments have implicated as the most likely source of
pithelial-to-fiber differentiating activity in the eye (Cou-
ombre and Coulombre, 1963; Yamamoto, 1976). Consis-
ent with such a function, crude vitreous humor prepared
rom either chick or mammalian eyes has been reported to
timulate differentiation of (respectively) chick (Beebe et
l., 1980) and rodent (Schulz et al., 1993; Lovicu et al., 1995)
ens central epithelial explants. We have reproduced the
ffect of chick-derived vitreous humor on autologous ex-
lants (Fig. 2C) and demonstrate for the first time that
itreous humor also increases the expression of fiber cell
arkers in dissociated cell-derived monolayer cultures (Fig.
). Most importantly, we also show that the differentiation-
timulating activity of vitreous humor can be recovered
rom medium in which intact vitreous globes were incu-
ated overnight. The active substance is therefore freely
iffusible, as would be required if it were to play an
mportant role in lens development in vivo. The epithelial-
o-fiber differentiating activity of vitreous humor bound
eparin with high affinity (Fig. 9) and increased d-crystallin
expression in an ERK-independent manner (Fig. 8). Both
properties are consistent with an FGF but are distinct from
those of either insulin or an IGF. Taken together, these
results support a role for FGFs, but not insulin/IGF-type
factors, in lens development in vivo. Our findings cannot,
however, rule out the possibility that a heparin-binding
factor other than, or in addition to, FGF is responsible for
the differentiating activity of chick vitreous humor. At-
tempts to resolve this issue using the reportedly FGFR-
selective inhibitor SU5402 (Mohammadi et al., 1997) were
nsuccessful because the compound also blocked processes
ediated by other receptor tyrosine kinases including the
GF receptor when added to chick lens cells (data not
hown). Likewise, studies in mammals strongly indicate,
ut do not definitively prove, a physiologically important
ole for FGFs in lens development (Lang, 1999). When
xpressed under the control of a lens-specific crystallin
romoter, dominant interfering mutant forms of FGFR-1
ith the capacity to inhibit signaling of all known FGF s
Copyright © 2001 by Academic Press. All rightamily members disrupted lens development and function
n transgenic mice (Chow et al., 1995; Robinson et al., 1995;
tolen and Griep, 2000). Although diminished, fiber differ-
ntiation was not completely abolished. It is currently
nknown whether this partial effect is a consequence of
nadequate levels of expression of the transgene (especially
n cells undergoing the initial stages of epithelial-to-fiber
ifferentiation; Stolen and Griep, 2000; Robinson et al.,
995) or instead indicates that some non-FGF factor is a
ajor determinant of lens differentiation in transgenic
nd/or wild-type mice. Although targeted disruption of the
GF-2 and FGF-1 genes apparently does not grossly perturb
ens development (Miller et al., 2000), it remains to be
etermined whether any of the 21 other known FGFs is the
rue in vivo lens differentiation factor or is able to compen-
ate for the absence of FGF-2 or FGF-1 in knockout mice.
ith regard to proliferation, neither our studies nor those in
ammals address whether FGF or insulin/IGF serves as a
hysiologically important lens cell mitogen. Other growth
actors, including PDGF, have been proposed to play such a
ole but this possibility has not been supported by the
henotypes of knock-out mice (Potts et al., 1994, 1998).
Regardless of the identity of the in vivo lens prolifera-
ion and differentiation factor(s), our results demonstrate
hat the effect of exogenously added FGF on cultured
hick lens cells is very similar to that previously de-
cribed for mammalian ex vivo systems. The ability of
ens epithelial cells to transduce an FGF signal into DNA
ynthesis and secondary fiber formation is therefore
onserved among vertebrate species. Although not di-
ectly addressed in the current work, recent studies by
thers have indicated that differences between chick and
ammalian lens cells in their response to insulin/IGF
ay also be less absolute than originally proposed. Klok
t al. (1998) and Richardson et al. (1993) have demon-
trated that IGF-1 induces a subpopulation of cells in P3
at lens central epithelial explants to express even late-
nset markers of terminal fiber differentiation such as
g-crystallin. Ibaraki et al. (1995) have reported that 10
g/ml IGF-1 is as potent as 10 ng/ml FGF-2 in stimulat-
ng morphological differentiation of human lens epithe-
ial cells cultured in the presence of 20% fetal calf serum.
hese studies indicate that insulin/IGF is capable of
voking at least some aspects of fiber differentiation in
ammalian cells. It is also noteworthy that Piatigorsky
nd colleagues have demonstrated that insulin increases
pithelial-to-fiber differentiation in explants dissected
rom embryonic day 6 –15 chicks, but only proliferation
n those from E19 or older animals (Milstone and Piatig-
rsky, 1977; Piatigorsky and Rothschild, 1972). Given
hat rodent explants are routinely prepared from postna-
al lenses, it is conceivable that the dissimilarity in the
esponse of E6 chick explants and P3 rat explants to
nsulin/IGF reflects age-dependent instead of species-
pecific differences.
s of reproduction in any form reserved.
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